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ABSTRACT

The purpose of this investigation was to determine the feasibilicy of
using the ficld-effect transistor as a safety device to "'short” out electri-
cally activated squibs before they receive a firing pulse. The results of
““state of the art’’ of field-effect tran-
sistor technology is not sufficiently advanced for the necessary device to
be feasible or practical.

this scudy indicate thac the present

INTRODUCTION

Many milicary applications have need for a safety device that could be
used to ‘‘short’’ out electrically activated squibs before they receive a
firing pulse. Such a device would be analogous to a switch having two dis-
tinct positions. Under normal standby or shelf conditions, the device should
present a resistance at least one order less than the resistance of the
electric detonator; and upon receiving the firing pulse change to a resist-
ance at least one order higher than that of the detonator.

Most semiconductor devices to date operate with a reverse effect; i.e.,
they are normally high resistance and upon receipt of a signal, switchto a
low resistance. This investigation was initiated to explore a semiconductor

device that does have the desired characteristics, the field-effect transistor.
THEORY OF OPERATION

Basically, the field-effect transistor operates on a different principle
than conventional transistors. The current conduction is caused by one
type of carricr only, and 1s concrolled by a depletion region set up by a
reversed bias PN junction. Figure S (p 12) shows the characteristics of a
typical field-effect transistor. Let us assume that a bar of N type material
1s used as the current carrter (see Fig 1, p 2). The current carriers are then
clectrons, and the path ts from the ground (or source), through the N type
material to the drain, and then through the load back to the source. The

reststance of cthis N macerial must be a maximum of .1 ohm to effectively




Fig 1 Two types of field-effect transistor construction

“‘safe’’ the squib. Either two connected layers (Case 1) or an encircling
bele (Case 2) of P-type material is used to control the current conduction
of the N-type material. This control is achieved by reverse-biasing the PN
junction and controlling the width of the depletion layer formed by the
junction, to effectively vary the resistance of the channel.

The principle of operation of the field-effect transistor makes 1t neces-
sary that the depletion region extend much further into the N region than
tnto the P region. To attain this relationship, the N region is made larger in
volume than the P region, and the P region is heavily doped to obtain the
necessary equality of charge carriers. A closer look at the depletion region
under these conditions shows that this region is very small in the P mate-
rial, and can be considered negligible.

To determine the theoretical limits (if any) of this approach to a safety
and arming device for squibs, it is necessary to examine the current through
the N macerial as a function of the voltage across it. The maximum current
will flow when no voltage is applied to the gate. This is the case of in-
terest; hence. the following work will be done under this condition (Vg - 0).

With a voltage applied to the drain, the potential across the junction in-
creases from the source end to the drain end. This causes the depletion
region to extend farther into the N region at the drain end than at the
source end. If we assume that the channel narrows gradually (Ref 2), we
may neglect the field in the y direction within the channel (see Fig 2, p 3).

ro
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Fig 2 Field-effect transistor showing depletion region (Case 1)

This means that the electric field in the y direction is confined to the
depletion region. We may now apply Poisson’s equation of continuity for
electrostatics which says that the divergence of the electric fieid is equal
to the charge density. This may be expressed mathematically (in one dimen-
sion) as

Kk dE q Ny

dy

where k is the actual dielectric constant, E is the electric field, and q N
is the charge density (q - electronic charge, Ny - effective doping density),
Referring to the respective figures and following this notation, we may de-
velop a solution for the current as a function of V4 ;. for each of the two

cases.
Case |

For the case of two layers of P material on opposite sides of the bar of
N material, the channel is shown in Figure 2. With no voltage applied to

the terminals, a depletion region will be established as in any PN junction.

d’v dE
dy dy




dy K
N
E —-qu y+ C

Fromy Otoy bno field exists, since the field in the y direction is con-

fined to the depletion region.

Thercfore
Con qNy b
k
qNy )
E= 5 — (y - b) (in the depletion region only)
b<y<a
To get the potential
qN
V= [Edy=—k—d J(y—b)dy
r.z2
“ada |5 by cf
at
y = a V=0 (P region grounded)
Therefore
C - ba- 2
2

9Ng ? a’
v - —49 o R
{2 by + ba >

E=N




The voltage across the barrter is V, (y  b)

v .(_]_N_d __bi_b1+ba—iz
ab k 2 2
—qi\-.i[cx——b]2 (1)

2k

The voltage at which the channel is completely blocked is at b -

el 9Ny
V pinch off(b ) " a2 (2)

The pinch-off voltage is a characteristic of the device and may be reached
by either reverse biasing the gate or applying a voltage of sufficient mag-
nitude to the drain, or taking these two steps in any combination. The ex-
pression for the voltage across the barrier shows the dependence of the
width of the depletion region (b) on this voltage. On the basis of the as-
sumption that no current flows in the gate lead at V, = 0 (which is the case
for maximum current in the N bar), we may now describe the current through
the N-type semiconductor material as a function of the voltage impressed
on the drain. The current from the source must equal the current into the
drain, and a voltage drop must exist along the bar of N material. The cur-
rent indicates an electric field in the X direction. Looking into the drain
end of the bar, we will have a current flowing into the plane of the paper.
The differencial resistance of the channel is

Pdx
2%b

dr

where, rearranging Equation 1 above and solving for b,

2 2
y o 3N b
2k

v\
b=a l—(v—) (3)
0




Still assuming that V, 0 and using the relationship which shows how b
varies with V (W is a constant), then

p dx
k= ————=—

SHEEK

Also, knowing that Idr dV,

v T dv
2V a [l—(—) ’
VO

Yo 0 0
2 Vg “
d 2
I i;‘ vg l1-— -—) (4)
P 3 \O
Where
M width of device a . height of N bar
L.~ length of device P resistivity of N bar
V, pinch-off voltage V4 - voltage applied to drain

Note: This equation may only be plotted up to the point at which pinch-off
occurs. After this, the gradual approximation no longer holds. The near
horizontal continuation of these lines (Fig 4, p 10) assumes a simple

saturation condition, which is a good approximation in practical devices.

Case 2

For a square bar surrounded by a belt of P material, the channel will
be a square cross-section with area decreasing with length L.
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Fig 3 Field-effect transistor showing depletion region (Case 2)
Then
p dx
dr
457
p dx
W1
’ 2
4 a? 1—(l)’
Vo
Idr - dV

2 ; 1. 2
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Integrating with known limits, x goes from 0 to L. and V goes from O to V

1Vd 3/
2 4 v 12
1L 4a l Y p \ : 3
p S 3 Vo2 2V,
1
fa Vv 4 (Vv LAV
ia Ld 1____(\7d) +7d_ &)
P 3\ 0
where
I~ curent through channel

a % height of N region
V4 =V drain

L - length of P region

p resistivity of N region
Nd 2
Vo = pinch-off voltage - (a)
2k
q - charge of electron
N4 = number of donors/cm
k actual dielectric constant
From Equation 4, on p 6
y
w 2 (vg\”
1- 2 _a Vg 11 -— d
pL 3 VO

It is apparent that Case 1 will allow a higher current for a specified
geometry and voltage than Case 2. Case 2 will allow a greater rate of
change of channel current with applied voltage, but this application re-
quires the highest current for given parameters; therefore, Case 1 is more
advantageous, and will be the topic of future discussion.




From Liquation 4, to maximize |
a and W should be maximized

\Y
I., p, and Vd should be minimized

o

As we investigate each of these terms for optimum theoretical values,
it must be realized that practical values also exist. The resistivity “‘p”’

has theoretical limits that can be approached in practice. Let us use the
lower limit for the resistivity of the P layers as .001 ohm-cm. To validate
the approximation that the depletion region falls mostly in the N bar, we
must have a higher value of resistivity in the N bar, say .03 ohm-cm. A
practical value of V_ is difficult to predict, withour knowledge of a spe-

cific use, bur a value of 500 volts should suffice for sample calculations.
Shockley (Ref 2) has shown that che length (L) of the bar should be at
least twice the height of the N region (a) to validate the assumption that
the field in the y direction is confined to the depletion region. The device,
in general, should present an impedance of .1 ohm or less to any signal
impressed across it until such time as the gate function is reverse biased.
This means that V, should be much higher than any signal impressed on
the drain, and that the gate signal should be of sufficient magnitude to ef-
fectively increase the resistance of the bar by at least two orders of mag-
nitude. If we assume the following values:

Py ~ .03 ohm-cm

Vo = 500 volts

L =2a

Vg 100

\70— 500 volts = .2
M lcm




then

o BB, | B .\Li)’
p 3V,

lem (100) [l__* (.2){«,]
(.03) ohm-cm 3

72300 amps

Then the effective resistance is approximately —1—9—9—1.043 ohm.
2300

The dimension a then must be calculated from the equation for V.

qNg4a’

< 2K

1
2K v, \ ?
a
q Ny

—
1.1 10 cm

L -2a=-2.2x10"¢cm

The geometry of the device will then be as shown in Figure 4.

4.4 .10 cm

Fig 4 Geometry of theoretical device

10




Though this device is theoretically realizable, according to the above
work, it 1s not practical. The leading manufacturers of field-effect tran-
sistors were contacted and all agreed that the device was not feasible. The

major limitation appears to be the present “‘state of the art’’ capabilities
in field-effect transistor technology. Present day devices of this type are
in the resistance range of 200-5000 ohms. The geometry of the device nec-
essary to achieve the substantially lower resistance is not compatible to
present day processes. It appears that the large junction areas necessary
give rise to imperfections and nonuniformity, causing low yield and high
cost. Ohmic contacts at the source and drain also contribute to the resist-
ance of the device. Lastly, certain assumptions and approximations made
in the analysis are not met in practice. Crystalonics, Inc., one of the major
producers of field-effect transistors, indicated that future improvements in
materials and processes could make such a device feasible.

CONCLUSION

It is concluded that the field-effect transistor approach to a safety and
arming device for electrically activated ‘‘squibs’’ is not feasible at pres-
ent. This does not mean that a device such as this could not be prepared
in laboratory or breadboard form, but that the effort and cost involved make
any attempt to produce an end-item type device impractical just now.
Future improvements in materials and processes could make such a device
feasible, but the present ‘‘state of the art’’ in preparing field-effect tran-
sistors is not at the stage where devices of the necessary low resistance
could be considered practical.
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